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Transcriptional silencing: Replication redux
David Shore
Recent studies indicate that, contrary to long-held
belief, DNA replication does not have a direct role in
transcriptional silencing, but progression through S
phase of the cell cycle is nevertheless required for the
establishment of silent chromatin.
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Transcriptional silencing in the budding yeast
Saccharomyces cerevisiae, first characterized at the silent HM
mating-type loci and later adjacent to telomeric TG-repeat
tracts, has served for many years as a model system for
understanding the establishment and inheritance of large
domains of repressed chromatin — heterochromatin — in
more complex eukaryotes. Silent mating-type loci are
repressed through the action of flanking cis-acting
elements, called the E and I silencers (see Figure 1).
Almost since their discovery, all four silencers have been
known to act as replication origins when cloned on
plasmids in yeast. This striking finding led naturally to the
notion that the establishment of silencing would be
intimately linked to the process of DNA replication, an
idea that was first tested experimentally in a series of
experiments reported by Miller and Nasmyth [1], in what
has since become a classic reference in the field.
The ‘Miller and Nasmyth’ experiment took advantage of a
temperature-sensitive allele of SIR3 — which encodes an
essential structural component of silent chromatin — to
turn on and off repression. They found that the loss of
silencing upon temperature upshift in a sir3-ts strain
occurred rapidly, and in the absence of cell-cycle progres-
sion, whereas the re-establishment of repression following
a temperature downshift required progression through the
cell cycle, and in particular passage through S phase.
Miller and Nasmyth [1] thus proposed that DNA replica-
tion is required in some way to re-set the silent chromatin
state, and suggested that the silencer replication origins
would play a direct role in this process. The subsequent
identification of the origin recognition complex (ORC) —
the six-protein complex that binds to all known replication
origins — and the direct demonstration of its role in
silencing strengthened the notion that a replication fork
initiating from silencer elements would turn out to play a
critical role in the establishment of a repressed chromatin
structure [2–4].
Subsequent work on the silencers and their replication
origins has steadily eroded the idea that DNA replication
plays a direct role in establishing silencing, and two recent
reports [5,6] have now brought about its apparent demise.
Ironically, however, concurrent genetic and biochemical
studies have continued to point to numerous connections
between silencing and replication. Furthermore, although
the elegant experiments to be discussed below clearly
show that silent chromatin can be set up in the absence of
replication fork passage, they still underscore the impor-
tance of S phase progression. So it is clear that many inter-
esting questions remain.
A closer look at the silencer—replication connection
Troubles with the DNA replication model for the estab-
lishment of silencing first emerged when it was discovered
that neither of the silencer elements at HML are actually
functional replication origins in their chromosomal
context, despite the fact that they behave as active origins
on plasmids [7]. This observation made it hard to imagine
that replication initiation from the silencers themselves is
essential for the establishment of repression, a notion that
was further supported by studies showing that the DNA
replication initiation and silencing functions of ORC could
be genetically separated [8,9]. Additional work from the
Fox laboratory [10] uncovered multiple initiator elements
at the HMR-E silencer, some of which even appear to be
antagonistic to silencing. Nonetheless, these observations
still left open the possibility that replication through a
silent region — whether or not it initiates from the silencer
elements themselves — would be required to re-assemble
silent chromatin at a previously derepressed locus.
The experimental tools required to address this issue
emerged from studies designed to ask what the precise
role of the silencer elements is in the establishment and
maintenance of the repressed state. Protein targeting
studies, initially using the Gal4p DNA-binding domain
(GBD), demonstrated that the silencer elements could, to
at least some extent, be bypassed by tethering Sir proteins
to specific sites in chromatin [11]. This mode of establish-
ing silent chromatin in a previously active region, referred
to as ‘targeted silencing’, was first demonstrated with a
GBD–Sir1 hybrid, but it works equally well with other
GBD–Sir hybrids provided they are expressed at appropri-
ate levels in the cell [12]. Using a similar targeting
approach, Rine and colleagues [13] showed that regulated
expression of a LexA–Sir1 hybrid could promote silencing
at an HMR locus whose E-silencer replication function was
missing, thus formally disproving the idea that a linked
origin activity is required to establish silent chromatin.
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Remarkably, though, this ORC-independent form of
targeted silencing still required passage through S phase.
In a separate series of studies, the Broach [14] and
Gartenberg [15] laboratories used related site-specific
recombination systems (FLP or R) to assess the impact of
excising silent chromatin domains from the chromosome,
and to study their physical and biochemical properties as
isolated DNA rings [14,15]. These studies showed that
silencing could persist on chromatin rings, at least tem-
porarily, but could not be inherited through cell division
on rings lacking silencers. Interestingly, both groups also
noted that the silenced state was associated with a topolog-
ical change in the excised DNA ring.
DNA replication is not required to establish silent
chromatin…
In the recent work from the Rine [5] and Gartenberg [6]
labs, targeted silencing and ring excision have been
combined to address the conclusion of the classic Miller
and Nasmyth paper [1], namely that DNA replication
itself is the essential S phase event necessary for the estab-
lishment of silencing. Both groups used a very similar
approach (illustrated in Figure 1), in which non-replicating
rings were formed by recombination, and silencing of the
rings was attempted by inducing expression of a DNA-
binding domain hybrid (either a Gal4–Sir1 or a LexA–Sir1
hybrid). In both systems, the ORC binding site within the
HMR–E silencer was replaced by the appropriate hybrid
protein binding site, and the I silencer element on the
other side of the HMR locus was eliminated, thus assuring
that repression is strongly dependent upon the tethering
of Sir1 to the mutated E silencer, and that the whole
excised locus contains no functional replication origin. 
The results of these experiments were quite clear.
Induced expression of the Sir1 hybrid protein led to strong
repression of the engineered HMR locus, regardless of
whether that locus was present in the chromosome or in
the form of an excised DNA circle. Significantly, the HMR
circle became silenced but did not replicate (as predicted)
when the cells passed through S phase (or at any other
point thereafter). This critical point was well documented
by both groups. Thus, both experiments show that silent
chromatin can be established in the absence of DNA
replication. A skeptic might argue at this point that the
repression established by targeting Sir1 to non-replicating
DNA rings is different than native silencing, or even than
silencing established on a similar, but replicating circle.
However, Li et al. [6] showed that the other Sir proteins
were still required, and, more importantly, that the
expected change in histone acetylation patterns and ring
topology were also observed. Therefore, the outcome of
the experiment met all of the established criteria for
bona fide silent chromatin.
…yet establishment of silent chromatin requires passage
through S phase
Having shown that silent chromatin could be set up on
non-replicating rings, both groups were then in a position
to ask an additional, incisive question. Is the establish-
ment of silencing on non-replicating DNA rings still
dependent upon cell cycle progression, and in particular
on the passage through S phase? Remarkably, both of the
groups found that cells prevented from traversing S phase,
either by a G1 block caused by the α-factor pheromone or
by treatment of the cells with the DNA replication
inhibitor hydroxyurea, were unable to establish repression
on the non-replicating rings. This result is of course per-
fectly consistent with the early findings of Miller and
Figure 1
Establishment of transcriptional silencing on non-replicating DNA rings.
The E silencer element (top) of the HMR silent mating-type locus consists
of three elements, A, E and B, which are, respectively, binding sites for
the origin recognition complex (ORC) and for the multifunctional
regulatory proteins Rap1p and Abf1p. The I silencer, normally found to
the right of the a1 gene, consists of ORC and Abf1p binding sites. It is
deleted in the experiments described here and not shown in the figure.
Replacement of the ORC binding site with multiple binding sites for a
‘tethering’ protein, such as LexA or Gal4p, renders the silencer inactive.
Silencing can be restored by expression of the appropriate DNA-binding
domain–Sir1p hybrid protein. Excision of the locus from the chromosome,
through the action of a site-specific recombinase at flanking recognition
sites (gene arrowheads), generates a non-replicating DNA ring (right).
Remarkably, the a1 gene contained on this ring becomes silenced in the
absence of replication, but this process still requires passage through S
phase, as is also the case in the absence of ring formation (left).
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Nasmyth [1] and the later observation that the S phase
dependence of silencing is not related to ORC function at
the silencer [13]. The stunning conclusion from the
present work, then, is that there is indeed an S phase
dependence to establish silent chromatin, but its mecha-
nism is not in any way directly related to the passage of a
DNA replication fork through the region in question.
Before considering the significance of these new findings,
it is worth considering the possibility that their most
straightforward interpretation is incorrect. After all, the
protein targeting systems used are rather contrived, and
work by bypassing the normal mechanism by which
silencer elements are thought to recruit Sir proteins and
initiate repression. Although it is difficult to exclude this
possibility, the fact that these artificial systems still display
an S phase dependence would itself seem to argue that
they do mimic an essential feature of a native silent locus.
Nonetheless, the possibility remains that a native silencer
benefits by the passage of a replication fork in some way
that cannot be measured with the present systems.
Understanding the relationship between silencing and
S phase
At the end of the day, then, the present studies, rather
than refuting earlier work, have instead re-defined a key
question: if not passage of a replication fork, what is the
S phase event(s) important for the establishment of silent
chromatin? This brings us back to a point raised earlier,
namely that concurrent studies have continued to point to
a connection between DNA replication machinery and
silencing. For example, as pointed out by Kirchmaier and
Rine [5], an essential DNA helicase, Dna2p, and the Rfc1
protein, a loading factor for proliferating cell nuclear antigen
(PCNA), play important roles in telomeric and rDNA
silencing, respectively. Furthermore, mutation of either of
two replication-coupled chromatin assembly factors, CAF-1
or Asf1p, weakens silencing. Significantly, PCNA mutants
defective in an interaction with CAF-1 display weakened
telomeric and HM locus silencing [16,17].
The finding that PCNA is left behind on a replicated
template and can provide a signal for subsequent CAF-1-
dependent chromatin assembly [18] may provide a clue to
how replication and chromatin assembly-associated factors
could participate in silencing in the absence of fork
passage itself. It might be interesting, therefore, to
examine the effect of mutations in these factors on the
establishment of silencing on non-replicating DNA rings,
or to examine directly their possible physical association
with assembling, non-replicating heterochromatin. An
alternative, but not mutually exclusive, possibility is that
the S phase requirement for the establishment of silencing
reflects a cell-cycle-dependent modification of one or
more important silencing factors. Apropos of this notion,
hyperphosphorylation of Sir3 in response to pheromone
treatment of cells was shown to strengthen silencing [19].
In considering the conflicting evidence for a role of DNA
replication in the establishment of silent chromatin, it is
worth remembering that the mating-type silencing system
is highly redundant, both at the level of the cis-acting
silencer elements themselves and with respect to the
numerous trans-acting factors that make partial contribu-
tions to repression. Even at telomeres, where silencing 
is a hit-or-miss proposition — repression is ‘variegated’ —
and serves a still poorly understood biological role, there
appear to be multiple pathways for Sir recruitment 
and the process is subject to negative regulation by addi-
tional factors [20]. It would not be surprising to find, then,
that the cell uses multiple S-phase-specific mechanisms to
promote heterochromatin assembly at particular sites. The
present studies may provide a key tool to elucidate those
that are independent of DNA replication itself.
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